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Summary
Peripheral vision is limited by crowding [1] [2] [3] , the deleterious effect of clutter that disrupts the recognition of features including orientation 4 , colour 5, 6 , motion 7 , and depth 8, 9 . Prior research is equivocal on whether this reflects a singular process that disrupts all features simultaneously or multiple processes that affect each independently 5, [10] [11] [12] . We examined crowding for colour and motion, two features that allow a strong test of feature independence. 'Cowhide' stimuli were presented 15 degrees in peripheral vision; observers reported either the target hue (blue/purple) or its direction (clockwise/counter-clockwise from upwards). We first established that both dimensions show systematic crowded errors (predominantly biased towards flanker identities) and selectivity for target-flanker similarity (greater crowding with similar elements). The multiplicity of crowding was then tested with observers identifying both features: a singular object-selective mechanism predicts that when crowding is weak in one dimension and strong for the other that crowding should be all-ornone for both. In contrast, when crowding was weak for colour and strong for motion, we found that errors were reduced for colour but remained for motion, and vice versa with weak motion and strong colour crowding. This double dissociation follows the predictions of independent crowding processes, suggesting that crowding disrupts vision in a feature-specific manner.
Results
Crowding disrupts our recognition of objects over large regions of the visual field [1] [2] [3] . It does so by causing a systematic change in the appearance of target objects [13] [14] [15] , particularly in the far periphery 16 where targets are induced to appear more similar to surrounding flanker elements. Crowding effects have been observed for a range of visual features including orientation 4 , position 13 , spatial frequency 10 , size 5 , colour 5, 6 , motion 7 , and depth 8, 9 . Within these dimensions, crowding is also modulated by the similarity between target and flanker elements -differences in features including orientation, colour, and depth can all reduce the strength of crowding 4, 6, 12 . Given the distributed way in which these features are likely to be processed throughout the visual system 17, 18 , can a single process produce this multitude of effects? Most models of crowding implicitly assume that crowding occurs via a single combined process within the visual system, particularly for higher-order approaches where crowding derives from attention [19] [20] [21] or grouping 22 . If crowding were instead to operate independently across distinct visual features, then these effects could potentially involve an array of distinct neural substrates with varied mechanisms.
A key prediction for a combined crowding process is that a release from crowding in one feature domain (e.g. colour) should release crowding for other features (e.g. orientation) at the same time. Accordingly, target-flanker differences in colour or contrast polarity can reduce crowding for judgements of spatial form 12 , while differences in orientation can improve crowded judgements of position 11 . Others have however found that errors in the judgements of spatial frequency, colour, and orientation follow a combination of independent and combined error patterns 10 . This discrepancy may arise from the specific features used in each study. Here we sought to investigate whether crowding is combined or independent for judgements of colour and motion -arguably the two features with the clearest separation in the visual system 17, 18 . We conducted three experiments with these features, each using cowhide-like stimuli 23, 24 presented 15 degrees in the upper visual field. In Experiments 1 and 2 we measured the nature of crowding in each feature dimension separately -in particular, the targetflanker combinations that produce strong vs. weak crowding and the nature of the errors that result (i.e. whether the errors are consistently systematic in nature, as observed for orientation 15 and position 13 previously). This allowed us to identify a set of conditions where crowding had either a strong or weak effect on judgements of each feature independently, and to predict the appearance of target stimuli under these circumstances. In Experiment 3 we then examined the effect of these manipulations on conjoint judgements of both features in order to test the independence of crowding across these dimensions.
In Experiment 1, observers viewed moving cowhide stimuli and reported the direction of movement (clockwise/counter-clockwise of upwards) for either an isolated target ( Figure 1A , left panel) or a target with flankers positioned above and below at a centre-to-centre separation of 2.25° ( Figure 1A , middle and right panels). Flankers moved in one of sixteen directions ±0-180° from upwards. Data from an example observer are displayed in Figure 1B , where the proportion of counter-clockwise (CCW) responses is plotted as a function of the target direction (depicted schematically on the x-axis), along with the best-fitting psychometric function for each condition.
For the example observer in Figure 1B , uncrowded judgments (blue points) transitioned rapidly from predominantly clockwise to counterclockwise for directions around upwards (0°). The best-fitting psychometric function is accordingly steep and crosses 50% CCW near to upwards, indicating high sensitivity and low bias. In the presence of flankers moving upwards (+0°; yellow points), performance declined and the slope of the psychometric function is accordingly shallower, with larger directional offsets required to reliably report the direction of the target. Performance remained unbiased however, with a PSE that crosses 50% at the point of upwards motion. In contrast, flankers moving 30° CCW of upwards (red) induced a strong bias towards CCW responses, resulting in a leftwards shift of the psychometric function in addition to the shallower slope. The opposite bias can be seen for CW flankers (purple). These assimilative errors can thus be captured using the PSE, while the impairment in performance across all three of these crowded conditions is shown via threshold values. Uncrowded responses. These assimilative errors were mirrored for small target-flanker differences in the counterclockwise direction. Larger target-flanker differences (e.g. ±90°) instead induced a repulsive shift in the PSE, indicating that the perceived target direction was biased away from that of the flankers. Further increases gave a reduction in bias, with downwards flankers inducing no bias on average.
To quantify performance, we divided crowded thresholds by the uncrowded baseline to obtain the threshold elevation scores presented in Figure 1D , where a value of 1 indicates performance as precise as that for an uncrowded target (dashed line). The greatest threshold elevation occurred with upwards-moving flankers, with a steady decline in threshold elevation with flanker directions away from this. Threshold elevation was at its lowest point with downwards moving flankers, though the elevation remained clearly above 1 for all observers.
To better understand the mechanisms underlying these patterns, and to work towards predictions for combined vs. independent models of crowding, we developed a population-coding model to simulate these crowding effects. Given the systematic nature of these errors, the most plausible existing models are those based on averaging 13, 15 or substitution 25 processes. A more general approach has recently been shown to account for both averaging and substitution errors by modelling crowding as the combination of population responses to the target and flanker elements 26 . Although these approaches are focussed on the assimilative errors in crowding, repulsive errors have previously been simulated by weighted averaging models via the use of negative weights 27 . Here we sought to incorporate these errors into a population-based approach using inhibitory interactions between the target and flanker population responses, similar to models of the tilt illusion 28 and to surround effects in cortical area MT/V5 29 . We therefore simulated a population of direction-selective neurons with a Gaussian profile of responses to direction, similar to those reported in V1 30 and MT/V5 31 (see supplementary materials for parameters and further details). The population-response profiles to both target and flanker directions were combined according to a weighting field 26 (see Supplementary Figure 1 ). Where previous studies 26 have modelled the weighting field as a function of target-flanker separation, here we model its variation as a function of target-flanker similarity (as suggested by prior work 16 ). The weighting field had both excitatory and inhibitory components to allow the production of assimilative and repulsive effects, respectively. Both components declined with the increase in direction difference between target and flanker elements (rather than with target-flanker distance as in prior models 26 ) in order to simulate the effects of target-flanker similarity 4, 6, 12, 16 .
Best-fitting parameters were obtained with a least-squares fit of the model to the mean data, with the resulting simulated bias values shown in Figure 1C (green line). The model follows the increase in assimilative bias with small target-flanker direction differences because the overlap between target and flanker population responses induces a summation of the signals. The model also simulates the rise and fall of repulsion with larger differences when the target is inhibited by the negative component of the flanker response (see also Supplementary Figure 1) . Similarly, threshold elevation values ( Figure 1D ) show the greatest elevation for small direction differences, and a gradual decline on either side.
In sum, for the crowding of motion, the greatest threshold elevation was found for small target-flanker differences, where the errors induced were assimilative in nature. Larger target-flanker differences produced a reduction in threshold elevation and errors of repulsion from the flanker directions, with further reductions in bias and threshold beyond this. A population-based coding model with Gaussian tuning for direction and inhibitory surrounds captures this pattern well.
We next examined the effect of crowding on judgements of hue in Experiment 2. Here observers identified whether the target was blue/turquoise or purple/pink ( Figure 2A , left panel). When present, flankers had one of twelve different hue angles in DKL colour space [32] [33] [34] , which differed from the reference hue by values from 0° to ±180° (see Figure 2A , middle and right panels). Data from an example observer are displayed in Figure 2B , where the proportion of pink responses are plotted as a function of the target hue (again depicted on the x-axis). Here, flankers with the same hue as the reference boundary (0°; yellow points) did not induce a bias, though the slope is clearly increased relative to the uncrowded condition (blue points). Flankers with a hue angle difference of +15° (a shift towards pink hues; red points) produced both an increase in the slope of the psychometric function and a shift in the function, indicative of assimilative errors. The opposite is seen for -15° flankers, where a shift towards blue hues in the flankers also induced assimilative errors (purple points).
Mean values of the PSE across all flanker hue conditions are plotted in Figure 2C . As with motion, flanker hues at the decision boundary (0°) induced no bias on average. Flankers with clockwise/negative hue angles, blue or green in appearance, again induced a positive shift in PSE, indicative of an increase in 'blue' responses. Larger target-flanker differences (approaching brown/yellow in appearance) gave a reduction in this bias. These assimilative errors were mirrored for flankers with counter-clockwise/positive hue angles, ranging from purple and pink through to red in appearance. Unlike motion however, no repulsive shifts in PSE were observed -larger targetflanker differences simply gave a reduction in assimilative bias.
Mean values of threshold elevation are presented in Figure 2D . Although overall threshold elevation values are lower than for direction, the pattern of data is broadly similar, with the greatest threshold elevation for small target-flanker differences and a decrease in crowding strength with increasing difference. At the end of the range, flankers with the opposite hue to the reference boundary in DKL space (yellow/brown) did not produce threshold elevation relative to uncrowded performance.
As with direction, we modelled this pattern of crowding using a population-based approach where each detector was selective for a distinct hue angle in DKL colour space 34, 35 with a Gaussian profile of selectivity (suggested by psychophysical results 36 and used here for ease of comparison across dimensions). Because repulsion was not observed for hue under these conditions, the inhibitory surrounds for detectors and the weighting field were set to zero. Bias values obtained from the model with the best-fitting parameters are plotted in Figure 2C (green line). The model again captures the high degree of assimilative errors with small target-flanker differences in hue, and the decline of these errors at larger differences. Threshold elevation values are similarly well captured ( Figure 2D ), with a high degree of impairment with small target-flanker differences and a reduction in this effect at larger differences.
To summarise the effects on colour crowding, small target-flanker differences in hue induce strong performance decrements and assimilative errors, with similarly assimilative errors at larger differences despite the reduction in crowding strength. The overall pattern is broadly similar to that seen for motion, though with an absence of repulsive errors and an overall reduction in threshold elevation. A population-based model again captures this pattern well.
Despite some differences then (notably in the presence or absence of repulsive errors), in both of these dimensions it is clear that crowding produces systematic patterns of errors that are predominantly assimilative for small target-flanker differences. Both dimensions also show selectivity for target-flanker similarity such that crowding is strong when the target and flanker were similar and weak when they differ. Armed with this knowledge, we can now make predictions for paired judgements of both colour and motion. Namely, when crowding is strong for one dimension (with small target-flanker differences, e.g. in direction) and weak for the other (with larger differences, e.g. in hue), independent crowding processes allow for assimilative errors to occur for the dimension with strong crowding and for no errors to occur in the other. In contrast, a combined/singular mechanism predicts that crowding must be all-or-none: if crowding is weak in one dimension and strong in the other, then it must either be released for both (i.e. no errors should occur) or the errors must persist in both dimensions. Experiment 3 was designed to test between these alternatives. In Experiment 3, observers made conjoint judgements of the direction (CW/CCW of upwards) and hue (blue/pink) of the target cowhide stimulus. We conducted these judgements for targets in isolation and for three crowded conditions. In the first, crowding was strong in both feature dimensions, with small target-flanker differences in both direction and hue. In the second, crowding was strong in direction and weak in hue, with a large colour difference between target and flanker elements. The third was the converse, with weak crowding for direction (large direction differences) and strong crowding for hue. In each case, targets were presented with one of two directions and one of two hues, and likewise in the flankers (see Methods for values). As a result, there were four possible combinations of target and flanker elements, grouped according to their agreement relative to the 2AFC decision boundary for each dimension: target and flanker elements either matched in sign relative to the decision boundary for both dimensions (e.g. clockwise moving target and flanker elements, with a blue hue in each), differed in colour (e.g. a pink target with blue flankers, all moving clockwise), differed in motion, or differed in both. Note that these distinctions ignore the precise values of direction and hue (e.g. a target moving 8° clockwise of upwards has the same sign as a flanker moving 15° clockwise).
With these four combinations of target and flanker elements and three crowding-strength conditions, we can make specific predictions for combined vs. independent mechanisms of crowding. For a combined mechanism, crowding is a singular process that operates in an all-or-none fashion. Thus, particularly in the 'both differ' condition, the combined mechanism predicts that errors should be made either in both dimensions or in neither. In the case where crowding is strong in both dimensions, this is likely to hold true. However, when motion is weak due to large target-flanker differences, the combined mechanism predicts either that motion errors should persist (due to strong crowding for colour) or that the colour errors should be released as well. In contrast, the independent mechanism predicts a reduction in motion errors and the persistence of the colour errors, because crowding can be reduced in one dimension without affecting the other. The same is true with the opposite condition, where the combined mechanism predicts an all-or-none pattern while the independent mechanism predicts motion errors in the absence of colour errors.
In order to quantify these predictions, we developed two versions of the population-coding model, with the majority of parameters fixed by the results of Experiments 1 and 2. The independent model consisted of population responses to motion and colour, generated for both target and flanker elements and combined according to separate weighting fields for both motion and colour. These separate weighting fields allow for crowding to occur for one dimension (with small target-flanker differences, e.g. in colour) and not in the other (when target-flanker differences for a given dimension are larger, e.g. in motion). For simplicity and ease of comparison to the combined model, only the positive weighting field and excitatory population responses were used in these models. The combined model was otherwise identical except for the use of a common weighting field for the two dimensions. Thus, if crowding occurs for one dimension it necessarily occurs for both, and vice versa. Further details are provided in the methods below, with the best-fitting parameters outlined in the supplementary materials.
When the target was uncrowded, observers were successfully able to identify the target direction in 87.71 ± 3.29% (mean ± SEM) of trials, and the target hue in 93.96 ± 1.76% of trials. Results from the three crowded conditions are presented in Figure 3 . Panel A shows the mean responses when crowded with target-flanker differences that were small in each dimension (which, as in Experiments 1 and 2, gives strong crowding for motion and colour). Here, when both dimensions matched (red point), percent correct values were high for both dimensions. This is predicted by the assimilative nature of the flankers in each case -even if crowding occurred, it would still pull responses towards the correct direction/hue. In the motion differs condition, the flankers had the opposite sign to the target in direction but not colour, and a predominance of motion errors resulted. This again is predicted by assimilative errors for direction, with either no effect on colour or assimilative errors which pull the target hue in the same direction as the flankers. The opposite occurred for the colour differs condition, with the small colour difference inducing assimilative colour errors. Finally, in the both differ condition, the combined effects of assimilation in each domain induced a preponderance of errors in both dimensions. Figure 3B shows results from the weak motion (strong colour) crowding condition. Note here that the agreement in target-flanker sign is determined relative to the upwards decision boundary, meaning that flankers moving -165° from upwards (clockwise-downwards) have the same sign as a target moving -15° (clockwise). Here, in the both match condition, responses were predominantly correct on both dimensions, as before. In this case however, in the motion differs condition, there is now a reduction in crowding, and a corresponding increase in correct responses for motion in this condition, while the matched target-flanker colours leave the colour responses at an equivalently high levelresponses are now predominantly correct in both dimensions. As before, in the colour differs condition the small target-flanker difference induces assimilative errors, while the matched sign of the target and flankers in direction could reflect either assimilative errors or correct target recognition. Crucial is the both differ condition: here, the large difference in target-flanker direction coupled with a small difference in target-flanker colour produced a predominance of colour errors. In other words, crowding is strong for colour whilst also being weak for motion in the same stimulus.
The reverse pattern can be seen in Figure 3C , which plots results from the weak colour (strong motion) condition. The both match condition again produced a high proportion of correct responses.
In the motion differs condition, the small target-flanker differences in motion induced assimilative errors (as in panel A when crowding was strong in both dimensions), with a high rate of motion errors and low rate of colour errors (which again could be due to either assimilative errors or correct target recognition). Here in the colour differs condition the large colour difference induced a reduction in crowding for hue judgements, with a corresponding increase in correct responses on colour and the matched target-flanker signs for motion leading to correct responses in both dimensions. Finally, the both differ condition again revealed a dissociation -the large differences in target-flanker colours coupled with a small difference in their directions produced a predominance of motion errors. Here too, crowded errors can occur in one dimension and not the other.
Simulations from the independent and combined crowding models are shown in Figure 3D for the condition where crowding in both dimensions was strong. Given that the population model can reproduce the results of Experiments 1 and 2, both models are similarly able to capture this pattern of results. The independent model does well because the probability of crowding (via the two weighting fields) is high for both dimensions. The combined model similarly does well because crowding is allor-none and the target-flanker differences are small in both dimensions, leading to a high degree of crowding in each case. Both models can therefore produce crowding effects when the strength in each domain is maximised. Figure 3E shows the best-fitting model outputs for the weak motion (strong colour) condition. Here the independent model successfully captures the pattern of performance because the separate weighting fields for the two dimensions means that crowding can be decreased in one domain and not the other, leading to a preponderance of colour errors in the both differ condition. However, the bestfitting parameters of the combined model also lead to a similar pattern of performance here. This can be attributed to two factors -the broad weighting field for colour crowding with a low peak strength (required to capture the results of Experiment 2, unlike the more narrowly tuned and higher-peaked motion weighting field from Experiment 1; as shown in Supplementary Figure 1 ) and the broad tuning of detectors for colour in the population. As a result, when motion crowding was reduced in strength the weighting of flankers became driven by the target-flanker differences in colour, giving some improvement in performance (relative to when crowding was strong in both domains) due to the lower weights for colour, though the broad tuning of colour detectors still produced a predominance of errors in this domain due to the overlap in responses to the target and flanker signals in the population (whereas the more widely separated motion distributions allowed for a clearer separation). In other words, even a combined model where crowding is either on for both dimensions or off for both can at times appear to follow an independent pattern of errors. (n=6) that were correct for the target direction of motion on the x-axis and the target hue on the y-axis. With this we can categorise responses as being correct on both dimensions, wrong on motion or colour, or wrong on both, as indicated by the quadrant demarcation. We further divide conditions into 4 target-flanker match cases: where the 2AFC sign in each dimension matches for both, where the motion differs, the colour alone differs, or both differ. Data points are shown as the mean ±1 SEM. A. Left panel: Responses when flankers were selected to produce strong crowding on both dimensions (i.e. with small target-flanker differences in each). Right panel:
Model simulations for the independent and combined population models in the both strong condition. B. Left:
Responses with a large target-flanker difference for motion (which induces weak crowding) and a small targetflanker difference for colour (which induces strong crowding). Right: Model simulations for the weak motion (strong colour) condition. C. Left: Responses with a large target-flanker difference for colour (weak crowding) and a small target-flanker difference for direction (strong crowding). Right: Simulations for the weak colour (strong motion) condition.
Model outputs diverge however in the weak colour (strong motion) condition, shown in Figure 3F .
Here the smaller target-flanker differences for direction lead the combined model to be driven by the high-peaked weighting field for motion. In this case crowding occurs strongly for both dimensions, leading to the erroneous prediction of colour errors when colour differs and errors in both dimensions when both differ. Thus, although the best-fitting parameters are sufficiently narrowly tuned to allow reproduction of the errors when motion crowding was weak, the same parameters necessarily fail in this condition. In contrast, the independent model is able to successfully reproduce the pattern of data in this condition because crowding can be reduced for colour and remain strong for motion, leading to a preponderance of motion errors in the both differ condition. Our results therefore offer clear support for an independent mechanism for crowding in these two domains.
We have further explored a range of variations in these models, with a focus on whether alternative versions of the combined model could improve its ability to capture performance. In the supplementary materials, we report that the least-squares error for model fits can be slightly reduced in the independent model with the restoration of the negative weighting field and flanker components, though the same manipulation increases error for the combined model (Supplementary Figure 2) . Further variations of the combined model similarly do little to improve its performance -selecting the minimum probability for crowing in both dimensions (instead of the maximum in the above modelling), using a common weighting field for both dimensions, and using shared population characteristics all produce worse fits than the independent model (Supplementary Figure 3) . In other words, the precise mechanisms of these models do not matter greatly -the effect of crowding on colour and motion is better explained by independent processes for the two dimensions than by a single combined mechanism.
Discussion
Our results demonstrate that independent crowding effects disrupt the perception of motion and colour. In our first two experiments, crowding with small target-flanker differences impaired both direction and hue judgements with strong assimilative effects and high threshold elevation, while larger target-flanker differences gave a reduction in threshold elevation. This allowed us to select specific combinations of target-flanker values where crowding could be strong or weak in one or both dimensions (by decreasing or increasing target-flanker differences, respectively) whilst observers made conjoint judgements of the target direction and hue. In this third experiment, when crowding was weak for motion, crowding for colour remained strong. Similarly, a reduction in the crowding of colour did not affect errors for the target direction. A population-coding model of crowding could account for these results with weights applied to the flanker values in each feature dimension that were independently determined by separate 'weighting fields'. Models where crowding operates as a singular all-or-none process (with the same strength of crowding used for both dimensions at the same time) failed to replicate the observed pattern.
Further dissociation between colour and motion can be seen in the differences in the pattern of midpoint values with large target-flanker differences in Experiments 1 and 2. Although the crowding of motion led to a repulsion in the perceived direction of moving targets, large target-flanker differences in colour simply reduced the rate of assimilative errors. Our population models could account for these patterns through inhibitory interactions in the motion population, which were not required to produce the pattern of colour biases. This is not to say, of course, that contextual modulations for colour can never be repulsive. In the fovea, repulsive shifts have been reported for the perceived hue of targets surrounded by adjacent elements 37 , similar to the repulsion observed for perceived direction in both foveal 38, 39 and peripheral 39 vision, though contextual effects for hue in the periphery often tend towards assimilation (e.g. with neon colour spreading 40 ). In the domain of orientation, repulsive effects of tilt contrast predominate near the fovea, giving way to assimilation as stimuli are moved into the periphery 16 . It is possible then that the transition from assimilation to repulsion occurs at lower eccentricities for colour than for motion, which would produce a divergence in the perceptual outcomes of crowding for some parts of the peripheral field. Further differences are apparent in our threshold elevation values, which were substantially lower for the crowding of colour than for motion. This is consistent with prior findings comparing colour with domains like orientation and size 5 . We nonetheless reproduced these differences in our model with variations in the strength of inhibitory interactions, and with a lower peak in the weighting field to combine the colour of target and flanker elements than in the weighting field for motion. In other words, population responses to colour were not only affected by crowding in a different manner to motion (with assimilation alone instead of a mixture of repulsion and assimilation) but with a lower overall magnitude.
This dissociation in the effect of crowding for colour and motion differs somewhat from prior studies using other visual features. It is possible that the specific features chosen matter greatly in this regard. The mixed pattern of independent and combined errors seen with spatial frequency, colour, and orientation 10 could have arisen because colour dissociates from orientation and spatial frequency (as others have recently suggested for crowding 41 ), while orientation and spatial frequency are more closely linked. Similarly, the observation of combined errors for orientation and position judgements found using a similar paradigm 11 could reflect the closer relationship between these feature domains 42 than for colour and motion 17, 18 (though of course the separation between colour and motion is not absolute 43, 44 ). More generally, a dissociation between colour and motion has also been observed for visual masking effects 45 . In visual working memory, colour and orientation show a dissociation via independent rates of decay, in contrast with linked spatial dimensions for object height and width 46 . Similarly, although visual search for objects defined by conjunctions of spatial features is typically slow and serial 47, 48 , conjunctions of motion and form can be found extremely quickly 49 , suggesting a separation for some dimensions and not others. A mixture of linked and dissociable effects for different feature combinations may thus be common for processes throughout the visual system.
We have modelled the effects of crowding with a population-coding process, similar to prior approaches 26 . In fact, the dissociable nature of crowding lends itself to this approach -separate populations of detectors selective for motion and for colour could each produce these effects separately, unlike a combined process which would require detectors with a combined selectivity for these features. Nonetheless, the precise mechanism does not matter greatly in terms of the dissociation in performance that we observe. For instance, it is likely that 'texturisation' models [50] [51] [52] could perform similarly to our population models in producing the systematic effects observed here for crowding, though repulsion effects are yet to be examined with these approaches, and distinct implementations would at least be required for the temporal and spatial properties of these textures in order to produce the dissociations observed here for moving stimuli.
Our results are however inconsistent with higher-level theories of crowding. For instance, Gestalt approaches 22 argue that crowding occurs whenever the target forms a good Gestalt with the flankers. With these manipulations, crowding is increased when the target becomes part of a pattern including the flankers 53, 54 , or reduced when the flankers form a shape 55 or a row of elements 56 that excludes the target. In the current context, grouping theories predict that crowding should be strong when the target and flankers are grouped together and weak when they are ungrouped, a process that should apply to the collection of features within the target as a whole. In other words, grouping is necessarily an all-or-none process that is inconsistent with the dissociations we observe here. Our findings are similarly unlikely to be accounted for by attentional theories of crowding [19] [20] [21] since the higher-level nature of attentional selection would predict that crowding operates at the level of objects and/or locations rather than specific features. Of course, it is still possible for attention and grouping effects to modulate the strength of crowding -our findings simply demonstrate that these processes are not the key factors in the mechanism of crowding.
The dissociation in these impairments to colour and motion have further implications for the neural locus of crowding. Prior work suggests that crowding may involve multiple cortical sites, with neural correlates reported in V1 57,58 , V2 and V3 59 , while others have noted similarities between crowding and the properties of V4 neurons 60 . Judgements of crowded orientation reveal effects throughout the cortical hierarchy, with BOLD responses in higher levels altered to an increasing extent 61 . Our current findings suggest that the widespread nature of these effects may reflect the precise features used, i.e. that crowding for dissociable features like colour and motion may rely on distinct neural substrates. Although the search for a neural basis for crowding has tended to focus on the ventral stream 51 , similar (but independent) processes may occur within the dorsal stream to give rise to the crowding of motion. Alternatively, this distinction could arise within a single cortical region if the effect of crowding on colour and motion were to rely on distinct neural subpopulations (as argued in the context of feature binding 62 , for instance).
These findings bear some similarity to arguments that crowding operates in a multi-level hierarchical fashion 1, 63 . However, these arguments are based primarily on an apparent difference in the selectivity of crowding for faces compared with other stimuli 64 , an effect that disappears once the task difficulty with upright and inverted faces is equated 65 . Perhaps similarly, we do observe some differences in the operation of crowding for colour and motion, with repulsion for motion for larger target-flanker differences, whereas colour crowding only produced assimilation. In this sense, there may be subtle differences between the operation of crowding in distinct domains, though the broad selectivity in terms of the strength of crowding was highly similar -for both motion and colour, crowding was strong with small target-flanker differences and weak with larger differences. In other words, wherever crowding occurs, it appears to follow broadly similar principles in each case.
Finally, given the dissociable effect of crowding for distinct feature domains, we may think of crowding as a general property of the visual system, similar to processes like adaptation that occur in a range of domains including orientation, motion and colour through to high-level properties like faces [66] [67] [68] . Just as adaptation likely serves to increase processing efficiency and to highlight novel stimuli over time, crowding may perform a similar function by simplifying visual input 14, 15 when target-flanker elements are similar and allowing stimulus pop-out when they are dissimilar 69, 70 . The selectivity required to produce these changes in appearance is likely to require distinct neural populations (e.g. the changes required to alter the appearance of colour vs. motion), but the general processes are clearly similar in each case (e.g. that effects tend towards assimilation). In sum, we propose that crowding is a generic visual process that operates by pooling the identity of target and flanker objects in a feature-specific manner in order to simplify the appearance of our peripheral vision.
Experimental Procedures Observers
Six observers (3 male, including the two authors) participated in all 3 experiments. All had normal or corrected-to-normal visual acuity, and scored 17/17 on the Ishihara test 71 indicating normal colour vision.
Apparatus
Experiments were programmed in MATLAB (Mathworks, Inc.) on an Apple Mac Pro using the PsychToolbox 72, 73 . Stimuli were presented on a 21" Mitsubishi Diamond Plus CRT monitor with a resolution of 1400´1050 pixels and a 75Hz refresh rate. The monitor was calibrated using a Minolta photometer and linearised in software to give a mean and maximum luminance of 50 and 100 cd/m 2 , respectively, and a white point close to the standard CIE Standard Illuminant D65. Maximum luminance values for red, green, and blue were 28.3, 69.5, and 8.1 cd/m 2 , respectively. Observers viewed stimuli binocularly from a distance of 50cm, with head movements minimised using a head and chin rest. Responses were given with the use of a keypad, with auditory feedback provided only during practice sessions.
Stimuli and Procedures
In all experiments, target and flanker stimuli were 'cow-hide' elements 23, 24 , created by band-pass filtering white noise with a spatial frequency cut-off of 1.5 cyc/deg, and rounding the luminance to give two values (light and dark). Each element was presented within a circular aperture with 2° diameter. The advantage of these elements was that the visible contours enabled the percept of motion whilst also allowing the alteration of the surface hues.
The target element was presented at 15° eccentricity in the upper visual field, either in isolation or with one flanker above and one below when crowded. The centre-to-centre separation of target and elements was 2.25° -a value of 0.15´ the eccentricity, ensuring strong crowding effects 2, 3, 74 . Observers fixated on a two-dimensional Gaussian blob with a standard deviation of 4' of arc, presented just below the centre of the screen, and were required to maintain fixation throughout the experiment.
Stimuli were presented for 500 ms, followed by a mask for 250 ms. The mask was a patch of 1/f noise presented in a circular window with a diameter of 4.8° in the uncrowded conditions and 8.5° when crowded, plus a cosine edge that spanned an additional 1° on all sides. The mask was followed by a blank screen with only the fixation point, at which time observers were able to respond.
In Experiment 1, the cow-hide stimuli were presented as grey-scale moving elements where light and dark regions had a Weber contrast of ±0.75. Movement was obtained by generating patches as a long strip of texture that moved underneath the aperture with a displacement of 5.8' of arc per frame every second monitor frame (to allow greater resolution of directional displacements with larger, less frequent step sizes). This gave an effective refresh rate of the stimulus at 37.5 Hz and a speed of 3.6 deg/sec.
When uncrowded, the target element moved in one of 9 equally spaced directions between ±16° around upwards. The greater difficulty in crowded conditions required an increase in this range to ±32°. Observers indicated whether the target moved counter-clockwise or clockwise of upwards using the '4' and '6' keys, respectively, on a numeric keypad. When crowded, flankers moved together in one of sixteen directions relative to upwards: 0°, ±15°, ±30°, ±60°, ±90°, ±120°, ±150°, ±165°, or 180°. With 9 target directions and 10 trials per direction there was a total of 90 trials for each block of the uncrowded condition. Crowded conditions were blocked with two opposite flanker directions (e.g. +15° and -15°) to ensure a balanced likelihood of clockwise and counterclockwise responses. The 0° and 180° conditions were blocked together for consistency. This gave 180 trials for each block of the crowded condition. Each block was performed 3 times, giving a total of 4590 trials per observer, plus practice, completed in 3-4 sessions of 1 hour each including breaks.
In Experiment 2, cowhide elements were static and presented with a range of varying hues. Colours were determined using the DKL colour space [32] [33] [34] with a luminance contrast of ±0.3 for the light and dark regions of the cowhide and a colour contrast (saturation) of 0.2 for all colours. Variations were applied solely to the hue angle of each patch. The reference hue angle was determined individually by presenting the test range of hues (from blue/turquoise to pink/purple) and asking observers to indicate the midpoint where stimuli appeared closest to neutral. This gave a reference hue angle of 262.5° for four observers, 262.0° for JG, and 264.0° for CS. In the uncrowded conditions, target hues ranged in 3° increments from the base hue angle, between +12° and -12°. For the crowded conditions, the target varied colour in 4.5° increments between +18° and -18° of the base hue angle. Observers judged whether the target patch appeared blue/turquoise (clockwise in DKL space) or purple/pink (counter-clockwise) using the '2' and '8' keys, respectively. Observers were shown the range of target hues prior to each block of trials, as well as the flanker hues in crowded conditions. When present, flankers had one of twelve different hue angles relative to the base hue angle: ±15°, ±30°, ±45°, ±135°, ±150°, 0° and 180°, tested in blocks that contained opposing directions as above. This again gave 90 trials per uncrowded block and 180 when crowded, giving a total of 3510 trials per observer, plus practice, completed in 3 sessions of 1 hour each, including breaks.
Finally, in Experiment 3, cowhide elements were presented with both motion and colour values. Using values derived for each observer in the first two experiments, we first selected target direction and hue values that gave near-ceiling levels of performance when uncrowded but that were still affected by crowding in the strongest crowding conditions. For direction, this gave values of ±5° (YL), ±6° (CS and JG), ±7° (DO), ±10° (AK), and ±16° (MP). For hue, this gave ±3° (CS and YL), ±4° (DO), ±5° (JG), ±7° (AK), and ±10° (MP). Observers were required to indicate both hue and direction of the target via a 4AFC response -either Blue/Counter-clockwise (the '7' key), Blue/Clockwise ('9'), Pink/Counterclockwise ('1'), or Pink/Clockwise ('3'). Targets were either presented in isolation or with flankers. For the crowded conditions, two sets of flankers were selected in each domain to be 'strong' and produce maximal effects on threshold elevation and assimilative bias and 'weak' with minimal effects on threshold and bias. We focussed on assimilative bias conditions here to ensure the most consistency between the two domains. This gave flanker directions in the 'strong' condition of ±10° (DO), ±15° (AK, CS, JG, and YL), and ±30° (MP), and in the 'weak' condition of ±165° for 5 observers and ±175° (AK). For hue, 'strong' flankers were ±15° (AK and YL) or ±30° for the remainder, while 'weak' flankers were ±150° for five observers and ±165° for JG.
These possibilities for crowding strength gave four crowding conditions: the target alone (uncrowded), small target-flanker differences (leading to strong crowding for both colour and motion), large differences for motion and small differences for colour (leading crowding to be weak for motion and strong for colour), and small differences in motion with large differences in colour (strong for motion and weak for colour). Within the three crowding conditions, there were four possible combinations of target and flanker elements in terms of the agreement of the elements in the 2AFC decision space for each feature domain, regardless of the precise values of direction and hue: target and flanker elements could either match in both hue and direction (both match; e.g. a clockwise direction for both target and flankers, with all coloured blue), they could differ in their directions only (motion differs; e.g. all blue elements with a clockwise-moving target and CCW flankers), differ in colour only (colour differs), or they could differ in both domains (both differ). The latter conditions were particularly important in separating the predictions of the independent and combined models. The four crowding strength conditions were tested in separate blocks. Each combination of target and flanker elements (in the 2AFC decision space for each feature) was repeated 10 times per block to give a total of 40 trials in the uncrowded condition and 160 trials in the other three. Each block was repeated 6 times to give a total of 3120 trials per observer, plus practice, which observers completed in 3 sessions of around 1 hour each.
Analyses
In Experiments 1 and 2, responses were collected as a proportion of trials in which observers made a counter-clockwise response (corresponding to movement left of upwards in Experiment 1 and stimuli that were pink/purple in Experiment 2). Psychometric functions were fit to this data as a cumulative Gaussian function with three free parameters: the midpoint of the function (at 50%), the slope, and the lapse rate. Shifts in the midpoint were taken as an indication of changes in appearance (i.e. errors of assimilation vs. repulsion). Thresholds were estimated as the difference in direction or hue required to shift performance from the midpoint at 50% to a 75% of CCW responses. Threshold elevation was then obtained by dividing crowded thresholds by uncrowded thresholds. In Experiment 3, we measured percent correct on each of the 2AFC judgements (for colour and motion), which we classified as belonging to one of four quadrants (as indicated on Figure 3 ): both correct, motion error, colour error, or both error.
Models
Data in Experiments 1 and 2 were fit with a population-coding model based on that developed by Harrison & Bex 26 . In order to capture the pattern of biases and threshold elevation in Experiment 1, the model for motion crowding had 9 free parameters, further details of which are described in the supplementary materials (see Supplementary Figure 1 ). Because repulsion was not present in the data for Experiment 2, inhibitory components of the model were set to zero, leaving 5 effective free parameters to account for colour crowding. The final best-fitting parameters for both models are shown in Supplementary Table 1, and final outputs shown alongside the data in Figures 1 and 2 .
In Experiment 3, two models were developed to contrast between combined and independent mechanisms of crowding. The independent model consisted of population responses to motion and colour, generated for both target and flanker elements and combined according to separate weighting fields for both motion and colour. The combined model was otherwise identical except for the use of a common weights for the two dimensions. Properties of these populations were carried forward from Experiments 1 and 2 for each of the two populations (i.e. the standard deviation of detector tuning functions, as well as the peak height and standard deviation of the positive weighting field). This left 3 free parameters in both models (as described in the Supplementary Materials), with the best-fitting parameters shown in Supplementary Table 2 and the final output shown in Figure 3 (right column). Alternative versions of these models were also developed, as discussed in the Supplementary Materials (see Supplementary Figures 2 and 3 , with best-fitting parameters for each model shown in Supplementary Tables 3 and 4) .
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Population models for the crowding of colour and motion As outlined in the main manuscript, data from Experiments 1 and 2 were fit with two populationcoding models similar to that developed for the crowding of orientation by Harrison & Bex 1 . This approach characterises crowding as the weighted combination of population responses to the target and flanker elements, which has previously been found to reproduce the systematic errors that arise from crowding, including both averaging 2,3 and substitution 4 errors.
Here we sought to extend this model to the domains of motion and colour perception. To replicate the results of Experiment 1, we simulated a population of 361 direction-selective neurons, each with a Gaussian profile of responses to direction, as with those found in cortical areas V1 5 and MT/V5 6 . Each of these detectors had a distinct preferred direction at one of the integer directions from ±180° around upwards, with a peak response of 1 and a standard deviation as the first free parameter. Given the presence of repulsion in our data, we followed recent crowding models 7 , models of the tilt illusion 8 , and the physiology of MT/V5 neurons 9 , by adding inhibitory surrounds to the population response. This was implemented as a Gaussian distribution, with a peak of 1 and a standard deviation as the second free parameter, which was subtracted from the excitatory Gaussian response. For simplicity, this inhibition was applied only to the population response to the flankers, and not to the target response. The result was a population response to the target direction, and a separate population response to the flanker direction. Responses in both cases were corrupted by Gaussian noise, with a magnitude set by one free parameter for the target (detector noise) and another for the flanker distribution (late noise).
As in the model of Harrison & Bex 1 , population responses to the target and flanker direction were combined according to a weighting field. In their implementation, this field allowed the decrease in crowding with increasing target-flanker distance. Target-flanker distance was fixed in our study, though we utilise this concept to allow the decrease in crowding with increasing target-flanker dissimilarity [10] [11] [12] [13] in direction (following suggestions that both of these properties may in fact manipulate the cortical distance between target and flanker representations 13 ). Because our population used both positive and negative components, two weighting fields were applied separately. The first was a Gaussian distribution centred on a target-flanker direction difference of 0, with peak and bandwidth values each set by free parameters. The second was a bimodal Gaussian distribution with peak, peak separation, and bandwidth values as additional free parameters. The shape of this function allowed for the peak in inhibitory interactions at large target-flanker differences where repulsion effects were predominant over assimilation. The best-fitting weighting fields are plotted in Supplementary Figure 1A , which plot the change in flanker weights as a function of the target-flanker difference in direction. The corresponding target weight was always 1 minus the flanker weight. For a given trial of the simulated experiment, flanker weight values were first selected according to the difference between target and flanker directions. These values were then used as multipliers for the positive and negative components of the population response to the flanker direction. This combination of responses and weighting values for the population response to flankers is plotted in Supplementary Figure 1B for a continuous range of target-flanker differences (flanker values tested in Experiment 1 are shown with black points). Responses are plotted as a function of the preferred direction of each detector in the population on the x-axis against the target-flanker difference on the yaxis. The population response to a single flanker direction can be seen by taking a horizontal slice across the plot, with red areas indicating a predominance of positive flanker responses and blue areas indicating a predominance of inhibition. Note that small target-flanker differences near to the 0° decision boundary tend to produce predominantly positive flanker responses, whereas larger targetflanker differences tend towards inhibition. For each of the positive and negative weighting fields (each ranging from 0-1), the remainder of the weight (1 minus the flanker weight) was applied to the target population response. In the case of the negative component, the target population response was set to 0, as above. With these weights applied, the combined population response was generated by summing the responses to target and flanker directions. The perceived direction of the model on each trial was then taken as the peak response in the combined population distribution.
Example population distributions for a target moving 8° counter-clockwise from upwards and flankers moving 90° counter-clockwise are shown in Supplementary Figure 1C . These distributions (averaged across 1024 trials) have the weights applied to the target and flanker distributions (red and blue lines, respectively). The combined sum is shown in yellow. The veridical values of the target and flankers are shown as triangles. Here it can be seen that the target and flanker directions are both counterclockwise, yet the peak response for the combined distribution lies on the clockwise side at -9° (yellow triangle) to produce an error of repulsion due to the predominance of inhibition from the flankers on the counter-clockwise side of the population. In contrast, target-flanker combinations where the population response to the flankers was predominantly positive tended to induce assimilation effects by shifting the peak of the combined response to intermediate values between the target and flanker directions (see the demonstration for colour below).
The perceived target direction was derived from the peak response of this combined population response distribution on each of the simulated trials, with the sign of this response used to determine the 2AFC (CW/CCW of vertical) response. Target and flanker direction conditions were identical to those of Experiment 1, with 1024 trials per condition in the simulation. As with the behavioural responses, the percent CCW was then computed for each target direction in each flanker direction condition, with psychometric functions fit to determine midpoint and threshold values. The squared difference between these midpoint and threshold values was then taken from the mean behavioural data of Experiment 1 to give an error term. The best-fitting parameters (for the above 9 free parameters) were determined first using a coarse grid search through the parameter space. A coarse grid search was first run across all possible combinations of parameters to find the least squared error, which was then used as the starting point for a fine fitting procedure using the fminsearch function in MATLAB. The best-fitting parameters derived from this procedure are shown in Supplementary Table 1 , and the output of the model is plotted against the data in Figure 1 of the main manuscript. A similar model was developed to account for the pattern of responses to the colour task of Experiment 2. Because repulsion was not present in the data obtained from this study, all inhibitory components of this model (in the flanker response and weighting fields in particular) were set to zero, leaving 5 free parameters. The structure of the model was otherwise identical to that for motion, with a population of 361 hue-selective neurons with a Gaussian profile of responses to the hue angle in DKL colour space [14] [15] [16] . Each detector had a preferred hue angle at one of the integer values in the space with a Gaussian tuning function on either side. This is consistent with suggestions from both physiological 17 and psychophysical results 18 , and is used here for ease of comparison across dimensions.
The best-fitting weighting field for colour is shown in Supplementary Figure 1D . Notice that the peak of the weighting field is considerably lower than that for direction, with a broad shallow pattern of tuning. The reduction in crowding for colour is consistent with prior work on the strength of crowding across visual dimensions 19 . The absence of inhibitory weighting fields meant that the sole effect of crowding in the domain of colour was to induce assimilative errors. This can be seen with the combination of the weighting field and flanker population responses across a range of flanker hue angles plotted in Supplementary Figure 1E . As before these values were produced by combining the flanker response to a continuous range of target-flanker differences with the weighting field values for those same target-flanker differences. Responses are plotted as a function of the preferred hue of each detector in the population on the x-axis against the target-flanker difference on the y-axis, with the flanker values tested in Experiment 2 presented as black points. Red areas of response indicate a predominance of positive flanker responses, which occurred for a wider range of flankers in this experiment.
As with motion, the combined population response was generated by summing the responses to target and flanker directions. Example population distributions for a target with a hue angle -4.5° clockwise from the blue/purple decision boundary, and flankers with a 30° counter-clockwise hue are shown in Supplementary Figure 1F . When combined (yellow line) the assimilative nature of crowding can be seen -here the peak response for the combined distribution lies on the counter-clockwise side at 2° (yellow triangle). The best-fitting parameters (for the 5 free parameters) were determined using the same procedure as for motion, and are presented in Supplementary Table 1 . The output of this bestfitting model is plotted against the data in Figure 2 of the main manuscript.
Independent and combined population models
In Experiment 3, two models were developed to compare the predictions of combined and independent mechanisms of crowding. The independent model consisted of population responses to motion and colour, generated for both target and flanker elements and combined according to separate weighting fields for both motion and colour. These separate weighting fields allowed for crowding to occur for one dimension (with small target-flanker differences, e.g. in colour) and not in the other (with larger target-flanker differences for a given dimension, e.g. in motion). The combined model was otherwise identical except for the use of common weights for the two dimensions. In this case, if crowding occurred for one dimension it necessarily occurred for both. For ease of comparison to the combined model, only the positive weighting field and excitatory population responses were used in both models.
The majority of properties of the populations in these models were carried forward from Experiments 1 and 2. This included the standard deviation of detector tuning functions, as well as the peak height and standard deviation of the positive weighting field, as in Supplementary Table 1 . This left 3 free parameters in both models: early noise for direction, early noise for hue, and the combined late noise parameter for both dimensions. As in the first two experiments, we simulated the same combination of conditions as performed by observers. Because the precise direction and hue values varied between participants in this experiment (see Methods in the main manuscript), we used the modal value for each. This gave a target direction difference of ±8° and a target hue angle difference of ±5° around the decision boundary in each case. For direction, flankers differed by ±15° in the 'strong motion crowding' conditions and ±165 in the 'weak motion crowding' condition. Hue angles in the flankers were ±30° and ±150°. Each trial simulated the population response to target and flanker values for both motion and colour, as in the models used for the first two experiments.
For the independent model, two separate weighting fields (identical to those of the first two experiments) were used to convert the target-flanker differences in direction and hue into flanker weights. These were then applied to generate a combined population response. The peak response was then used to determine whether responses would be CW/CCW for motion and likewise for hue angle, and percent correct for each judgement was determined. For the combined model, the same procedure was followed (including the two weighting fields), though the same weight value was applied to the flanker response in both colour and motion (with the identical inverse value applied to target responses in each case). Weight values were taken as the maximum value obtained from the weight fields for colour and motion -in this way, if crowding was strong in either dimension it was strong in both (see below for an alternative instantiation of the model where the minimum weights were instead taken).
The 3 free parameters for the independent and combined models were fit by determining the leastsquared error between the percent correct scores for motion and colour in each of the four flanker conditions (uncrowded, strong motion + strong colour, weak motion + strong colour, and strong motion + weak colour). Performance was simulated with 1024 trials per point. As before, a coarse grid search was conducted through the parameter space prior to a fine fitting procedure. Final parameters shown in Supplementary Table 2 . The output of these best-fitting models is plotted in Figure 3 of the main manuscript. Alternative versions of the independent and combined population models In addition to the combined and independent population models of crowding used above to simulate the results of Experiment 3, we also examined the output of a range of alternative versions of these models that could be argued to more closely capture the observed pattern of data. Of particular interest is whether the combined model could be modified in some way to outperform the independent model. Here we show this to be unlikely.
Supplementary

Independent and combined mechanisms with inhibitory interactions
The independent and combined models used to simulate the conjoint colour and motion judgements of Experiment 3 (presented in Figure 3 of the manuscript, with the parameters in Supplementary Table 2 above) did not involve any inhibitory mechanisms in either the population characteristics or the weighting field. Because Experiment 2 revealed purely assimilative effects for the crowding of colour, these negative parameters were set to zero in the population model used to simulate the effect of crowding on colour. To reduce the differences between the independent and combined models in Experiment 3, we therefore removed these parameters from models discussed in the main manuscript, as above. It is however possible that the independent model in particular may perform better with the inclusion of these negative population interactions, given the patterns of repulsion observed for motion in Experiment 1. We therefore reintroduced these values to the population for motion (with the parameters shown in Supplementary Table 1 ) and determined the best-fitting free parameters for direction noise, colour noise and late noise in both the independent and combined models, using the same fitting procedure as described above. The resulting parameters are shown in Supplementary  Table 3 .
Supplementary Table 3 . Best-fitting free parameter values for the alternative versions of the independent and combined models of crowding used to simulate the data of Experiment 3 with inhibitory parameters for the direction-selective population responses. The final output of these best-fitting models is shown in the left column of Supplementary Figure 2 (panels A-C), plotted with conventions as in Figure 3 of the manuscript. The data is shown with reduced opacity for reference to the two models. Here it can be seen that both models perform similarly to their non-inhibitory counterparts -once again, both models are capable of reproducing errors when crowding was strong for both motion and colour, and similarly when crowding was weak for motion. However, when crowding was strong for motion and weak for colour, the combined model incorrectly predicts errors in both feature domains when the target and flanker differ in both, and colour errors when the target and flanker differ in colour. As a result, the independent model again outperforms the combined model. In order to quantify these differences, for each of these models, the output of 1000 simulations was generated and subtracted from the mean percent correct data from Experiment 3 to obtain squared error values. The mean squared error for the Independent model with inhibition was 0.1074, an improvement from the 0.1101 derived from the Independent model shown in Figure 3 . In this case, the fit improves slightly for the model with inhibitory parameters because it allows for a small repulsive effect in judgements for motion when the target-flanker direction differences are large, as we saw in the data of Experiment 1. In contrast, the addition of inhibitory parameters to the combined model produced a squared error value of 0.5147, worse than the value of 0.4641 reported for the combined model shown in Figure 3 of the manuscript.
Supplementary Figure 2.
Alternative model simulations for the dual crowding experiment. As in Figure 3 of the main manuscript, each panel plots the percent correct for the target direction of motion on the x-axis and the target hue on the y-axis. With this we can categorise responses as being correct on both dimensions, wrong on motion or colour, or wrong on both, as indicated by the quadrant demarcation. We further divide conditions into 4 target-flanker match cases: where the 2AFC sign in each dimension matches for both (red points), where the motion differs (green), the colour alone differs (blue), or both differ (purple). Data points are shown in all cases with reduced opacity, and as the mean ±1 SEM. A. Data for the condition when flankers were selected to produce strong crowding on both dimensions (i.e. with small target-flanker differences in each), along with the output of the alternative model simulations with inhibitory parameters using the best-fitting parameters for both. B. Data and simulations for the condition with a large target-flanker difference for motion (which induces weak crowding) and a small target-flanker difference for colour (which induces strong crowding). C. Data and simulations for the condition with a large target-flanker difference for colour (weak crowding) and a small target-flanker difference for direction (strong crowding). D. Data and simulations for the strong motion + strong colour condition, here with model outputs plotted for the alternative models with the combined mechanism that either use the minimum probability, a common weighting field, or common population parameters for colour and motion. E. Data and model simulations for the alternative combined models, plotted as in panel B. F. Plotted as in panel C. For model comparison with all models described herein, the Akaïke Information Criterion (AIC) 20 was computed and is shown in Supplementary Figure 3 , where more negative values indicate better fits to the data. Here again it can be seen that the inclusion of inhibition improved the fit of the independent model slightly relative to the model without inhibition presented in the main manuscript, whereas these same inhibitory parameters impaired the fit of the combined model. This is perhaps unsurprising, given the clear differences in the pattern of biases induced in Experiment 1 for motion and Experiment 2 for colour -clearly distinct population dynamics are at play for these two features, offering further evidence for a dissociation in the crowding of colour and motion.
Supplementary Figure 3 . Akaike Information Criterion (AIC) values derived from the best-fitting independent and combined models of crowding. Each distribution shows the AIC value for 1000 simulations of the experiment with each model, where the width of the distribution indicates the frequency of the AIC value and the black point shows the mean AIC value. Two independent models are shown -one is the form shown in Figure 3 of the main manuscript, the second includes inhibitory parameters in the direction-selective population. All 5 combined models show less negative AIC values, indicating worse fits. These include the combined model shown in Figure  3 , one with inhibitory parameters, one where the Weighting Field is fit specifically to the data (with 5 free parameters) and one where both the weighting field and bandwidth of the detectors are fit specifically.
Alternative versions of the combined-mechanism model
Although the independent model outperforms the combined model both in the main manuscript and with the inhibitory parameters used above, it is possible that alternative versions of the combined model may improve the performance of this mechanism. This is particularly so given the assumptions made in developing these models. For instance, the model presented in Figure 3 took the maximum weight for the flankers in either motion or colour and applied it to both features. In this case, when crowding occurred strongly for one feature, it necessarily occurred strongly for both. Although it is possible that these choices in the design of the combined model biased the outcome towards the independent model, here we show that this is unlikely to be the case by considering whether alternative versions of the combined mechanism could produce a pattern of performance closer to that observed in Experiment 3.
We first simulated a version of the combined model which took the minimum weight for crowding generated in each of the two feature domains. Here, when crowding was weak for either feature it was weak for both. The model was otherwise identical to that reported for the combined mechanism in the Min. probability One weight field One population main manuscript. Parameters were fit as before, with the best-fitting free parameters for this model shown in Supplementary Table 4 (listed as 'Minimum Weight). The output of this best-fitting model is shown in the right column of Supplementary Figure 2 (panels D-F) where it can be seen that the model vastly underperforms relative to the maximum-weight combined model, and even more so than the independent model. Here because the weighting field for colour is lower overall, the pattern of performance tends to be driven by colour. Consequently, crowding is reduced in the case with strong motion and strong colour crowding, pushing the responses of the model into the both correct quadrant when motion differs and into the colour errors quadrant when both differ (top row). When motion crowding is reduced (middle row), the model is nonetheless able to account for the colour errors that result because this weighting field is always lower than that for motion. However, the model fails dramatically when colour crowding is reduced (bottom row), predicting that observers should be correct on both features in all conditions, when in fact motion errors predominate in the responses of the observers. As a result, the AIC values for this model (Supplementary Figure 3) are considerably higher than those of the combined model with the maximum probability, and even further from the performance of the independent models. It is therefore highly unlikely that crowding involves a combined mechanism where crowding is automatically reduced for all dimensions when it is reduced for one. As another alternative, it is possible that the combined mechanism shown in Figure 3 underperformed because the Weighting Field for each dimension had distinct parameters, as carried forward from Experiments 1 and 2 (even though only one was applied to both domains on each trial). It is possible that a common weighting field with specifically fit parameters could improve the performance of this model. We therefore added two additional free parameters, to fit the peak and SD values of a single weighting field that was applied to the judgements of both colour and motion in Experiment 3. The remaining model details were as in the other versions of this model, as with the fitting procedure.
Supplementary
The best-fitting free parameters for this model are shown in Supplementary Table 4 (listed as 'one weight field'), with the resulting output shown in the right column of Supplementary Figure 2 . The best-fitting weighting field here is narrower than that for either feature domain in the main model, with an intermediate peak height. As a result, the model underperforms on the motion errors in particular, underestimating the rate of motion errors even in the both strong condition. Although the model is consequently able to capture the shift to colour errors in the weak motion condition, it fails dramatically on the weak colour condition, predicting that crowding should be weak in both dimensions (a consequence of the narrow tuning for the weighting field and the slightly larger values used in the target-flanker direction differences). The error for this model is accordingly large, with the resulting AIC values shown in Supplementary Figure 3 . The mean AIC for this model was -15.09, improving slightly on the value of -13.96 for the combined model in the main manuscript. A specifically tailored weighting field can thus improve the fit of the combined model to some extent, however neither model approaches the fits obtained with the independent model. Errors are still allor-none, which fails to predict the release from crowding in one domain but not the other that occurs when motion crowding is reduced in comparison to colour, or vice versa.
Finally, following the logic above, it is possible that the combined model could be further improved with the use of a single population that shares the same characteristics for both colour and motion (i.e. a detector population with the same bandwidth and noise values for both colour and motion), as well as a common weighting field. In a sense, we can already rule this out as unlikely given the vastly distinct response profiles produced for the crowding of motion and colour in Experiments 1 and 2 -for the same sized stimuli in the same locations at the same eccentricity, crowding affected motion with a mixture of assimilation and repulsion, while crowding for colour was characterised only by assimilation. Nonetheless, in order to see whether this approach could improve the fits for the combined model, we developed a version of the model with matched population parameters for colour and motion (to give an additional 2 free parameters). In order to find population characteristics that could reasonably account for the results of all 3 experiments, we fit the 5 free parameters of this model (detector noise and bandwidth, weighting field peak and bandwidth, and late noise) to all 3 experiments simultaneously to determine the best-fitting parameters.
The resulting parameters for this model are shown in Supplementary Table 4 (as 'one population'), and the final output of the model in Experiment 3 is shown in the right column of Supplementary  Figure 2 . Notice that the best-fitting weighting field is again considerably narrower than that obtained for the combined model of the main manuscript. This leads to a similar pattern of performance to that seen for the model with a single weighting field above. Performance in the condition where crowding was strong for both motion and colour tends to underestimate the degree of motion crowding as a result. This becomes particularly problematic in the strong motion condition, where the narrow weighting field gives a strong release from crowding (to give predominantly 'both correct' responses), despite the motion errors that predominate in the observers responses. This model nonetheless gave a slight improvement to the fit of the combined model to the data, with a squared error value of 0.36 and an AIC of -16.86 on average, as shown in Supplementary Figure 3 . This is still far off from the performance of either instantiation of the independent model, however.
Altogether, although some of these variants perform marginally better than the combined model presented in the main manuscript, none approaches the performance of the independent model. Given the behavioural evidence presented in the manuscript, where independent crowding effects disrupt the domains of motion and colour, in addition to the results of these simulations whereby a population-coding model of this process could account for this pattern of results when weighting fields for the two dimensions were independent, we argue that crowding disrupts the perception of colour and motion independently.
